This annotated bibliography has been compiled to highlight the submarine geology of the Hawaiian Islands and identify known and potential marine geologic hazards with special emphasis on turbidity currents, submarine slides and tsunamis. Work that is described only in published abstracts is not included because it is generally impossible to evaluate the applicability of the material in an abstract to the problem at hand. This report will not attempt to duplicate the work of Wright and Takahashi (1989) and Wright and others, who are producing an annotated Hawaii Bibliographic Database covering the period from 1779 -1992 (written communication, 2 November 1992 that includes abstracts on all literature pertaining to the geology of Hawaii. Their works include the offshore area around the Hawaiian Islands and can be used to provide additional background. This report includes some references that are not specific to Hawaii but are needed to understand the geologic processes that can affect the integrity of submarine cables and other man-made structures.
Any references noted in the annotation texts will be found in this report but not necessarily within the same section. Those entries based on observations of turbiditycurrent flow, submarine mass failures, and tsunamis specific to the Hawaiian Island area are shown in bold type.
TURBIDITY-CURRENT PROCESSES
The references selected for this section relate to the initiation processes and flow characteristics of turbidity currents, especially with respect to the potential for destruction of man-made structures on the sea floor. Turbidity currents are density flows capable of transporting large volumes of clastic sediment to deep water. The higher density of these fluid flows, relative to sea water, is caused by suspended sediment, but turbidity currents can transport large volumes of sediment as bedload and are capable of causing significant erosion on slope gradients much less than those of the submarine flanks of the Hawaiian volcanoes.
Turbidity currents can be generated by submarine landslides, storm surge disturbance of sediment, slope instability resulting from earthquakes, and other oceanographic phenomena such as internal waves and deep water currents that can be expected in the Hawaiian Islands region. The resulting turbidity-current flow characteristics are affected by slope angle, sediment grain size, topographic control of flow paths, and the volume of sediment involved in the flow. Visual observation of turbidity currents of a physical scale (flow over tens to hundreds of kilometers) typical of oceanic island slopes has not been accomplished. Thus it is difficult to forecast the flow velocity, duration, and potential destructiveness of a turbidity current that might be generated in the Hawaiian offshore area using only data available from the area of interest. For this reason, we include references from continental margin areas because an understanding of the processes involved must be based on available model and laboratory-flume studies, serendipitous measurements of some flow parameters of small-scale turbidity currents in lakes and fjords, and derivation of flow properties for a few large-scale turbidite events inferred from studies of the sediment deposited and the morphologic constraints along the sediment flow path. For a limited number of examples, the destruction of submarine telecommunication cables and other manmade objects provides more direct data on current speeds.
Bagnold, R.A., 1962, Autosuspension of suspended sediment: Proceedings Royal Society London, Series. A, v. 265, Describes the concept of autosuspension, which refers to the transport of fine-grained sediment in turbulent flows. When the settling velocity of the grains in suspension is insufficient to allow them to settle out of the fully turbulent flow, the net result of the gravitational pull on the grains is to impart energy to the flow. The paper applies this concept to turbidity currents to explain both the high velocities deduced from cable-break studies and the long transport distances observed even in areas of low slope angles.
Bowen, A.J., Normark, W.R., and Piper, D.J.W., 1984, Modelling of turbidity currents on Navy submarine fan, California Continental Borderland: Sedimentology, v. 31, The flow characteristics of a late Holocene turbidity current are derived from knowledge of the total volume, areal distribution, and grain-size distribution of the sediment deposited, and from the morphological constraints of the turbidite channels and basin slopes. The analysis uses the standard equations commonly used for depth integrated flow of turbidity currents as summarized in Komar (1977) . By considering the conservation of momentum and mass, the evolution of the flow is derived. This dominantly muddy turbidity current reached velocities of 0.75 ms-1 on low slopes (1:100) and the flow duration was between 2 and 9 days. An earlier turbidity current that transported coarser sediment reached velocities of 1.5 ms^. Both the slope angle and the volume of sediment involved are small compared to potential turbidity currents off the Hawaiian Ridge.
Chamberlain, T.K.. 1964, Mass transport of sediment in the heads of Scripps submarine canyon, California, in Miller, R.L, ed., Papers in marine geology, New York, Macmillan, p. 42-64. This report documents 12 years of observation using echo-sounding and SCUBA-diving techniques that recorded periodic deepening of the tributary heads of Scripps submarine canyon. The catastrophic removal of sediment from the heads of the canyons could occur within a period of a few days. Although some episodes of sediment loss corresponded to earthquakes, there was no general correlation with earthquakes events or to any single type of initiation process. Local storms tended to result in sediment filling the canyon heads through the effect of rip currents, but mass sediment loss was observed after some storms. The report noted that decay of organic (plant) matter within the sediment accumulating in the canyon heads produced significant gas that tends to weaken the sediment column. Dolan, J.F., Beck, Christian, Ogawa, Yujiro, and Klaus, Adam, 1990 , Eocene-Oligocene sedimentation in the Tiburon Rise/OOP Leg 110 area; an example of significant upslope flow of distal turbidity currents: Proceedings of the Ocean Drilling Program, Scientific Results, v. 110, . This paper is included in this report because it provides unequivocal documentation of upslope turbidity-current deposition at distances far from the initiation site (more than 1000 km). In this example from the Atlantic Ocean, turbidity currents deposited sediment as much as 800 m above the surrounding sea floor traversed by the currents. The turbidity currents were either capable of moving upslope or were thick enough to reach the observed height; in either case, the initial velocities implied are significant. This paper applies the concept of ignition the acceleration of turbidity currents through the entrainment of sediment from the sea floor by using data from the well-known Scripps submarine canyon (see Inman et al., 1976) . The paper presents numerical models that are then tested with the specific flow conditions measured in the Scripps canyon. The authors note that the best evidence for ignition from Inman's data is that the highest sustained velocities (1.9 ms" 1 ) occurred when the head of the canyon was filled with sand, which was then observed to be flushed out after the storm. They further note that Inman et al. 's (1976) data show that, during similar storm conditions when the canyon head is not filled with sediment, no sustained (ignitive) flow occurs because there is no "fuel."
Garcia, M.H., and Parker, Gary, 1989, Experiments on Hydraulic Jumps in Turbidity Currents Near a Canyon-Fan Transition: Science, v. 245, . This paper uses flume experiments to model the effect of hydraulic jumps on the transport of sediment by subaqueous density currents. The decrease in slope as a current moves from the slope to the basin area is associated with a relatively abrupt increase in flow thickness and decrease in flow velocity. There is also a rapid decrease in bed-shear stress on the downstream side of the hydraulic jump and much of the sediment in the flow can move farther seaward before deposition. This experimental work provides support for observations of depositional patterns described for many modern and ancient turbidite systems with large flows.
Hallworth, M.A., Phillips, J.C., Huppert, H. E., and Sparks, R.S.J., 1993, Entrainment in turbulent gravity currents: Nature, v. 362, . This paper presents the results of laboratory experiments to examine the evolution of turbidity-current flow properties for events generated by slumping. The results obtained have implications for cable routes in deeper water areas where turbidity currents move from the steep volcano slopes onto more gently sloping deep basinal areas. These laboratory results can be used to evaluate some of the theoretical flow models that are cited elsewhere in this section.
Hampton, M.A., 1972, The role of subaqueous debris flow in generating turbidity currents: Journal of Sedimentary Petrology, v. 42, . This paper combines observations of the transition from landslide to debris flow in the subaerial environment with laboratory flume experiments to study the generation of turbidity currents from debris flows in a subaqueous setting. This work is one cf the classic studies of the processes involved and suggested that turbidity currents can form by erosion of material from the head of the debris flow; the weaker the debris flow, the more material that could be mixed to form a turbidity current. The paper also suggests, but without experimental observations, that instability on the upper surface of the debris flow can lead to mixing with the overlying water and the formation of turbidity currents. Subsequent work has shown that the transition from submarine slides to turbidity currents is probably the most common initiation process for large turbidity currents, especially if noncohesive sandy sediment is readily available.. et al. (1982) paper is basically the discovery of the technique using acoustic backscatter mapping at several different frequencies. This technique provides determination of the longitudinal profile of the upper surface of the turbidity current together with an estimation of the changes in density within the body of the flow. The results suggest that for surge-type turbidity currents, as might be expected for currents generated through submarine slumps caused by earthquakes, equations for steady-state flow that are commonly used to determine velocity and related characteristics of density flows may not be strictly applicable.
Heezen, B.C., and Ewing, Maurice, 1952, Turbidity currents and submarine slumps, and the 1929 Grand Banks Earthquake: American Journal of Science, v. 250, . This is the first paper to relate the disruption of submarine telecommunication cables to turbidity-current flow and to deduce the speed of the current. In addition, they concluded that the turbidity current following the 1929 Grand Banks earthquake on the Atlantic margin of Canada was generated by a submarine slump. Their analysis suggested speeds well in excess of 20 ms~1 although later authors, using the same cable-break sequence but possessing more recent knowledge of the flow path and area of initiation, suggested top speeds equal to or less than this value. This study provided one of the first sets of measurements of turbidity-current flow that included velocity, flow density, and suspended sediment load. Peak velocities for the observed hyperpycnal flow were only 0.3 ms"1 , but these were at 1.5 m above the lake floor (maximum velocity will occur just above the bed); sand-sized sediment was observed to be transported by and eroded by currents of these velocities. Hampton (1972) and others to distinguish between the types of gravity-driven sediment flows. The rheology and the mechanisms that maintain sediment in suspension are used to classify flow types and to review the evolution of flow from debris flows into turbidity currents. Although the paper focuses on characteristics of the deposits, it is a good review of the processes involved and thus would bear on the development of predictive flow models.
Luthi, Stefan, 1980, Some new aspects of two-dimensional turbidity currents: Sedimentology, v. 28, . Certain conditions of turbidity-current flow are examined using a theoretical two-dimensional momentum model, which is then tested through flume experiments. The results support the concept of autosuspension as a special condition of a general momentum equation, which can be applied to conditions for hydraulic jumps in turbidity currents. The paper is useful in developing models for density-current flow.
Malinverno, A., Ryan, W.B.F., Auffret, G., and Pautot, G., 1988, Sonar images of the path of recent failure events on the continental margin off Nice, France: Geological Society of America Special Paper 229, p. 59-76. Deep-towed side-looking sonar images document the effects of the passage of a turbidity current generated by a small submarine slump (not associated with an earthquake). The turbidity current transported sand-and boulder-sized sediment and created bedforms as high as 5 m. Where the flow path widened into an area of lower slope angle, conditions under which the current can go through a hydraulic jump, large-scale erosive scours up to 70 m deep are observed. Disruption of two telecommunication cables downslope from the scour area suggests that current velocities were still as high as 11 ms"1 . The significance for the Hawaiian Ridge area is that the size of the submarine slide and the slope angles along the transport path for this Nice example are both significantly smaller than observed features on the submarine flanks of Hawaiian volcanoes. Large-scale scours indicate high turbulence in currents that transport coarse sediment and are capable of major destruction.
This set of papers provides one of the best introductions to the theory of turbidity-current processes evaluated through the results of laboratory experiments; an explanation of the criteria for realistic scale models is very useful and is an area that is generally ignored in more recent papers on model experiments. The results presented in this series of papers should be used together with those of Komar (1969 Komar ( ,1971 Komar ( ,1975 Komar ( ,1977 Komar ( ,1986 ) if an attempt is made to develop predictive models for the Hawaiian area.
Middleton, G. V., 1992, Sediment deposition from turbidity currents: Annual Reviews of Earth and Planetary Sciences, v. 21, This review of turbidity current processes, although written at the same time as the review by Normark and Piper (1992) , takes a quite different perspective. As such it makes a good starting point to understand turbidity currents because it gives the historical development of research in this subject including the significance of the early experimental work by Middleton (1966a,b,c; 1967) . The paper clearly defines the terminology and basic hydraulic concepts before reviewing laboratory experimental studies. The paper finishes with discussion of some of the theoretical aspects, including autosuspension, and limitation of different model approaches.
Morgenstern, N.R.,1967, Submarine slumping and the initiation of turbidity currents, in Richards, A.F., ed., Marine geotechnique: Urbana, University of Illinois Press, p. 189-220. This reference is included for historical perspective of the initiation of turbidity currents. It is a good introduction for understanding the role of consolidation state and strength of marine sediment in the initiation of submarine slumps.
Normark, W.R., 1989, Observed parameters for turbidity-current flow in channels, Reserve Fan, Lake Superior: Journal of Sedimentary Petrology, v. 59, p. 423-431. Normark, W.R., and Dickson, F.H., 1976, Sublacustrine fan sedimentation in Lake Superior:
American Association of Petroleum Geologists Bulletin, v. 60, p. 1021-1036. These two papers document turbidity-current flow resulting from tailings discharge in a deep water lake. The 1976 paper showed that turbidity-current overflow across natural channel levees was at least 5 m thicker than the flow necessary to fill the channel, and flow episodes lasted for up to two weeks. This work suggested that, within the channel itself, turbidity currents were continuous as long as tailings discharge was occurring; this allowed an experiment to directly measure flow properties, including velocity, density, thickness, and vertical sediment distribution within the flow. This experiment confirmed the estimates of the drag coefficient, as estimated by Komar and others (see above references) for deep marine settings. The results further show that the flow properties as measured are consistent with the flume experiments of Parker and others (see below) and allows determination of layeraveraged velocity and volume concentration of sediment within turbidity-currents. These papers provide a literature review of turbidity-current research during the last 25 years together with a synthesis of current ideas on flow initiation and changes in flow characters moving from slope to basin area. The 1992 paper is basically an outline to the initial paper and the references are divided topically. Because of the additional focus on deposit characters resulting from turbidity currents in different environments, these two papers provide many references not included in this report. Among several initiation processes discussed, the 1991 paper considers both storm-generated and slump-generated currents including the Hawaiian examples of Dengler and others (above). The growing evidence for large-scale erosion by turbidity currents is emphasized as is the difference in flow characters reflecting both grain size of the sediment transported and the initiation processes.
Parker, Gary, 1982, Conditions for the ignition of catastrophically erosive turbidity currents: Marine Geology, v. 46, p. 307-327. The paper explains the conditions for ignition, i.e., for a self-sustaining flow, in which the autosuspension criteria (Bagnold, 1962) are met but insufficient to define the flow state. The key point of this work is that ignition involves entrainment of erodible sediment on the sea floor along the path of the turbidity current and does not require large-scale submarine mass failure. This provides an alternate process to generate highly destructive flow, especially if ignitive conditions prevail on steep slopes such as those of the submarine flanks of the Hawaiian Islands.
Parker, Gary, Fukushima, Y., and Pantin, H.M., 1986, Self-accelerating turbidity currents: Journal of Fluid Mechanics, v. 171, . This paper provides a full mathematical model for describing the conditions for self-sustaining turbidity currents as described by Parker (1982) . The ideas presented would be very useful to evaluate conditions for ignitive flow occurring on the flanks of the Hawaiian Islands.
Parker, Gary, Garcia, M., Fukushima, Y., and Yu, W., 1987, Experiments on turbidity currents over an erodible bed: Journal of Hydraulic Research, v. 25, . This paper presents the results of flume experiments to examine the turbidity-current flow conditions for erosion and deposition of sediment. The measurements of vertical profiles of velocity and sediment concentration fit quite well with limited observations of turbidity currents in lakes, e.g., Normark (1989) . The results of this experimental work can be used to help guide the application of the mathematical models given in Parker et al. (1986) .
Pickering, K.T., Underwood, M.B., and Taira, Asahiko, 1992, Open-ocean to trench turbiditycurrent flow in the Nankai Trough: Flow collapse and reflection: Geology, v. 20, p. 1099-1102. This paper uses core samples from a deep ocean turbidite environment to document that turbidity currents can be reflected off major bathymetric relief. The paper's focus is to indicate potential problems for interpretation of turbidity-current transport paths in ancient turbidite sequences, but the significance for the Hawaiian area is that destructive turbidity currents can be deflected/reflected off the Hawaiian arch back toward the island ridge and cause damage to submarine cables from sources not directly upslope from the cables. These four papers present new data concerning the source area, initiation process and erosional and depositional features related to the 1929 Grand Banks turbidity current. The Piper, Shor, and Hughes Clarke (1988) reference provides a complete overview of the event and is based on the data in the other two references and other cited works they have coauthored. These works document one of the best examples of ignitive conditions for a turbidity current that resulted from an earthquake. The 1929 flow was highly erosive and about 300 m thick as observed from the scouring of the walls of the Laurentian fan channels. Extensive fields of sediment waves formed of gravel (granule to cobble size) extend for more that 50 km along the path of the turbidity current. The Shor et al. (1990) reference is included here to emphasize the importance of scouring caused by this turbidity current; isolated depressions along the channel path are several tens of meters deep and one scour that is over a kilometer long reaches a depth of 100 m. Their work has also discovered segments of one of the telecommunication cables that was broken during the 1929 event. The turbidity current was not initiated by failure of a huge section of the upper continental slope as suggested by previous workers but rather from multiple failure of the surficial sediments on the slope around the epicenter of the earthquake.
Piper, D.J.W., and Normark, W.R., 1983, Turbidite depositional patterns and flow characteristics, Navy Submarine Fan, California Borderland: Sedimentology, v. 30, p. 681-694. The primary aim of this paper is to document the different behavior of turbidity currents that follow the same path and deposit in the same basin but transport different amounts of coarser sediment in suspension. Thicker, mixed-sediment currents tend to overtop channel margins; the authors introduce the term flow stripping, which occurs when the lower part of turbidity current can be stopped by a topographic barrier while the upper part of the flow (where the flow thickness exceeds barrier height) can keep advancing in the original flow direction. The paper also documents the effect of the Coriolis force in deflecting turbidity current flow against a basin slope resulting in a pronounced upward tilt of the top of the current against the slope. For the Hawaiian Ridge area, for example, a turbidity current flowing down the western side of the volcanoes would be deflected to the right and begin to flow parallel to the ridge, perhaps even tilting up against the base of the Ridge for the larger, long-distance flows. (1986) paper presents detailed observations on the channel system and evidence for sand deposition in a deep (>600 m) fjord fed by two rivers. Sandy lobe deposits with evidence for current scours up to 50 m across indicate sand is transported at least 50 km along the fjord. The second paper reviews the monitoring of turbidity currents along a 26 km section of the channel system for a yearlong period beginning in 1985. The velocity of flow between current meter moorings during one episode exceeded 3.3 ms'1 over a gradient less than 1° and exceeded 1 ms' 1 at 32 m above the channel floor at the upstream meter. Sediment trap records showed sand in suspension in the flow at 6 to 7 m above the fjord floor. On three occasions, entire moorings were displaced by the flows and damaged instruments thus indicating even higher velocities. The larger events probably experienced flow stripping and spread across the entire fjord floor. Slumping of the delta sediments is suspect for most flow events, but one turbidity current was caused by high discharge during river flooding.
Reimnitz, Erk, 1971, Surf-beat origin for pulsating bottom currents in the Rio Balsas submarine canyon, Mexico: Geological Society America Bulletin, v. 82, . This work records observations made by SCUBA divers in the head of a steep-floored (26°) submarine canyon. Downslope current pulses with velocities of about 1ms" 1 transported suspended sand in flows at least 3 m thick. The downslope pulses were associated with fluctuating longshore current speeds that wen more quantitative study by Inman et al. (1976) .
fluctuating longshore current speeds that were up to 2 ms" 1 . These observations support the Reynolds, Suzanne, 1987, A recent turbidity current event, Hueneme Fan, California: reconstruction of flow properties: Sedimentology, v. 34, p. 129-137. The flow properties of a turbidity current are reconstructed from knowledge of the volume and particle characteristics of the resulting deposit. The relatively fine-grained deposit (sandy silt) is inferred to have been deposited during a flow of up to 10 days duration with flow speeds of 0,1 to 0.9 ms"1 . This paper is one of several included in the bibliography (e.g., Bowen et al., 1984) that provide methods to determine flow properties of turbidity currents; applicable techniques will depend on the amount and type of information about the deposit. There are numerous documented turbid it e deposits adjacent to the southeastern Hawaiian Islands whose physical characters are still under study; in the future, it may be possible to determine flow properties of currents generated on the Hawaiian submarine volcanic slopes. Their discussion also includes three areas where low-speed turbidity currents (0.7 to 1.0 ms"1 ) were observed; they argue that such low speed currents are common and result in substantial movement of sand to deeper water over time.
Siegenthaler, C., and Buhler, J., 1985, The kinematics of turbulent suspension currents (turbidity currents) on inclined boundaries: Marine Geology, v. 64, p. 19-40. This paper involves a fairly rigorous numerical evaluation of turbidity-current hydraulics, in which the authors look at the conditions for an "equilibrium state" of flow and define a dimensionless product termed the sedimentation number, which is proportional to the rate at which buoyancy is lost by the flow. Some experimental work is also presented to determine the value of the sedimentation number. It is not easy to relate this approach to the other modeling studies discussed in this section. The first paper in this set develops a numerical model that is used to evaluate the application of the Richardson number (and other hydraulic parameters) in laboratory small-scale models and in natural flows. The next paper models the effect of suspended sediment, which can have a strong vertical gradient with the turbidity current, on the hydraulic properties of the flow. This work also provides a new expression for the autosuspension criteria that were originally defined by Bagnold (1962) by attempting to account for the vertical structure within the flow. The last paper then applies their new autosuspension criteria to the field observations of five naturally occurring turbidity currents (see Dengler et al., 1984a,b; Hay et al., 1982; Inman et al., 1976; Reimnitz, 1971 ; and the many versions of the 1929 event). Even though the numerical model is strictly for currents with only one size of suspended grains, the results of this application suggest that their redefined autosuspension criteria best fit available data. The results presented in these papers should be used to model flows in the Hawaiian area, especially because they included the Oahu example in the test. This study is a follow-on to the papers by Prior et al. (1986 Prior et al. ( ,1987 and provides an important tie between the direct measurement of recent flows (1986) and the deduction of flow properties using the depositional record of the recent past. For example, the maximum flow velocity observed was about 3.35 ms" 1 , but estimates of maximum flow velocity using channel morphology and the grain size of sediment deposited are in the 4 to 5 ms" 1 range. Their analyses draw on the work of Bowen, Komar, and Normark presented earlier in this section. 
Tsutsui

The figure below schematically presents the principal factors controlling initiation and transport processes of turbidity currents.
SUBMARINE SLIDES
As emphasized in the previous section,turbidity currents are commonly generated by submarine landslides. The Hawaiian area includes some of the largest submarine-slide deposits documented on Earth, and thus the sea floor around the volcanoes probably experienced major turbidity currents capable of traveling several hundred kilometers. The volcanoes of the Hawaiian Ridge are associated with three types of mass movement (the general term 'mass failure' is also commonly used to describe gravitationally driven movement of sediment and rock in the form of slides, slumps, and debris flows; definitions of these terms are given in a number of the included references). The largest mass failures (by aerial extent) are the result of catastrophic failure of flanks of volcanoes that are still growing. These are referred to as debris avalanches following similar terminology for subaerial landslides. The resulting deposits can cover 10,000 km2 and extend as much as 200 km from the volcano that collapsed. Large submarine slumps are commonly half the dimensions of the largest debris avalanches; these features also involve the entire flank of a volcano but are expressed as large (tens of kilometers across) blocks that have glided and rotated away from the volcano. The third type of mass failure are those involving sediment that has accumulated on the volcano flanks.
This section includes papers on examples of the volcanic slides (as defined above) from Hawaii and other oceanic islands as well as papers describing mass failures along continental margins. The latter are included because they are much better known and provide insights on the mechanisms of mass wasting and on determining the potential for future failures. This work attempts to provide a general model for slope stability for quantitatively evaluating the potential for mass movement and to review the factors involved that determine the stability of a sediment mass. The assumptions behind the nomogram appear to apply to the sediments on the Hawaiian Ridge volcanic slopes, e.g., a relatively constant rate of sediment accumulation, a base that is impermeable, and that generation of gas or formation of cement within the sediment is basically nonexistent. These two works provide a comprehensive description of one of the largest and best understood submarine slides recognized to date on Earth. The volume of sediment involved in this slide is even larger than the Hawaiian Ridge failures («ee Moore et al., 1989 Moore et al., , 1992 . A key finding of these studies is that the massive slide deposits represent multiple failures that are recognized on the basis of seismic-reflection profiles, sidescan sonar images, and sediment-core data. Understanding the initiation and transport processes in large continental margin slides such as this one will help in understanding the landslide mechanisms (and the generation of tsunamis) on Hawaii; because the Hawaiian debris avalanches involve volcanic rock, it is difficult to determine the internal structure of the deposits as can be done for continental margin slides composed of sedimentary masses. See also Jansen et al. (1987 The debris avalanche that extends from the northwest flank of the Mount Shasta volcano is one of the best subaerial analogs to the huge submarine avalanches off the Hawaiian volcanoes. The relatively young age of this deposit (between 300,000 and 360,000 years) allows determination of the extent and volume of material involved. The avalanche traveled more that 40 km from the base of the volcano on very low slopes (1:200). The authors observe that, although debris avalanches may be "anticipated" from active volcanoes, their volume and extent probably can't. The speculations concerning the mechanism of movement are useful in understanding the deep-water Hawaiian examples.
Delaney, P.T., 1992, Volcanoes; you can pile it only so high: Nature, v. 357, . This work reexamines the mechanism of failure of Hawaiian volcanoes by comparison with recent work on Mt. Etna. It is suggested that the volcano fails because of the weight of the edifice, which is resting on unconsolidated sediment on the sea floor and causing the base of the volcano to spread laterally by thrusting over the sea floor. This is fundamentally different from the more classic slump model in which the side of the edifice breaks away and glides across the sea floor; it has been suggested that the cause of slumping and sliding in Hawaiian volcanoes is the pressure associated with the injection of magma along the rift zones pushing the side of the volcano outward (Lipman et al., 1985) .
Embley, R.W., 1976, New evidence for occurrence of debris flow deposits in the deep sea: Geology, v. 4, . This work provided one of the first concise descriptions of debris flow deposits on the deepsea floor and the relation of the deposit to the submarine slide from which it formed. Because of the details provided from 3.5-kHz reflection profiles, core samples and bottom photographs, this was a landmark study for our understanding of the potential for large-scale debris flows (the example described in this paper from the Spanish Sahara margin covers 30,000 km2). The area of the submarine slide scar is just more than half that of the deposit, which involves 600 km3 similar in size to many of the failures off Hawaii. This work characterizes mass-wasted deposits from a carbonate-bank environment using highquality seismic-reflection profiles and provides an example that may be more analogous to failures of reefs and drowned reefs with accumulated pelagic sediment on the slopes of the Hawaiian Islands. This work defines the character of megabreccias that result from bank-margin collapse and slope failure and trie associated debris flows. The authors suggest that earthquakes are the most likely triggering mechanism for these mass-wasting events. Most models for sediment failure'are based on terrigenous sediment accumulations of continental slopes; attempts to model failures from Hawaii should take into account the differences attributed to this carbonate source. (1987, 1988) . The focus of this paper is on the sediment samples that were obtained to define the nature of the margin sediment that failed, the character of the slide deposits and to obtain radiocarbon ages to determine the timings of the multiple failure events.
Holcomb, R.T., and
Karlsrud, K., and Edgers, E., 1982, Some aspects of submarine slope instability, in Saxov, Svend, and Nieuwenhuis, J.K., eds., Marine slides and other mass movements: New York, Plenum Press, p. 61-81. This chapter provides some technical discussion of the effect of earthquakes on the stability of marine sediments. Because historical earthquakes as large as magnitude 8 have occurred in the Hawaiian region, some areas of sediment accumulation may be prone to failure.
Keefer, D.A., 1984, Landslides caused by earthquakes: Geological Society of America Bulletin, v. 95, This work is included in the bibliography because it examines the relation between landslides and the earthquakes that cause them. Even though the data are for subaerial mass-wasting events, it provides insight to the types of failures that result from earthquakes and a relation between the size of the slide deposit and the magnitude of the associated earthquake. This work provides an overview of the nature of mass wasting along a large segment of the eastern North Atlantic continental margin and shows that submarine slides are common and range from less than 1 km3 to the Storegga slide, which is greater than 5500 km3. Factors such as slope angle and sedimentation rate are examined to understand the processes involved. This paper provides an update to the earlier summaries of our knowledge of submarine slides that might be useful if predictive models are to be developed to estimate probabilities for masswasting events off Hawaii.
Lee, H.J., 1989, Undersea landslides: extent and significance in the Pacific Ocean: in E.E. Brabb and B.L Harrod eds. Landslides: Extent and Economic Significance, Proceedings of the 28th International Geological Congress: Symposium on Landslides, Balkema, Rotterdam, p. 367-379. This review provides a direct comparison of submarine slides from fjords, continental margins, and the Hawaiian Islands. The techniques used to map these mass-wasted deposits are described so that the effect of resolution of features can be understood in discussing the mechanism of failure and transport. This paper draws insights from many of the older papers included in this bibliography; it is one of the best updates to the summaries by Moore (1961 Moore ( , 1977 and Kenyon (1987) , which are specific to the Atlantic Ocean.
Lee, H.J., and Edwards, B.E., 1986, Regional method to assess offshore slope stability: Journal of Geotechnical Engineering, ASCE, v. 112, p. 489-509. This paper suggests a relatively simple methodology to provide a quantitative assessment of the stability of sediment within a region. The method is based on the engineering behavior of failed and unfailed sediment obtained from gravity cores. Then the two process parameters of storm-wave height and earthquake-acceleration factor that can lead to failure are derived from normalized shear strengths, unit weights, slope angles, and water depths. Comparison of failed and unfailed areas can be used to assess the relative stability of the unfailed areas. The methodology is applied to four sites off California and Alaska. The paper also provides some description of the laboratory procedures. Much of our knowledge of the processes of submarine slides is derived from mass-failure deposits of sedimentary units along continental margins. The internal structure of the blocks and debris within a slide deposit, however, generally cannot be resolved because of the lack of resolution using surface-towed reflection-profiling systems. The first paper in this pair describes the Ranger slide deposit with standard techniques; the 1990 paper uses a deeptow geophysical system that documents that the large blocks formed during initial sliding continue to break apart and rotate as they move downslope. Many submarine slide deposits are the result of multiple failures, but even with the high resolution deep-tow data it is difficult to distinguish the individual episodes. At this point, only a limited amount of deep-tow data is available for the Hawaiian debris avalanches (Lipman et al., 1988) .
Lipman
Normark, W. R. f and Gutmacher, C. E. f 1988, Sur submarine slide, Monterey Fan, central California: Sedimentology, v. 35, . This work provides a detailed description of a typical submarine slide including GLORIA sidescan sonar and swath-sonar bathymetry. Together with core samples from several of the units within the slide mass, this paper provides additional insights to the process of conversion from slide blocks to debris flow units. These two works describe one of the most detailed descriptions currently available for a submarine slide; the data from this delta-front failure in a British Columbia fjord include highresolution reflection profiles, sidescan sonar, core samples, and observations from submersible. The transition from blocky debris at the base of the delta slope in an area of mixing and remolding of sediment to a zone of pressure ridges and then to a debris lobe is well illustrated. The most unique feature documented in these papers is the existence of outrunner blocks as much as 100 m across and 5 m thick that have moved up to a kilometer from the front of the debris lobe on slope gradients less that 0.5°. Shallow glide tracks observed on the high-resolution side-looking sonar images show the path of the outrunner blocks. This mass-wasting event occurred in 1975 and caused tsunami waves as high as 8.2 m. This exceptionally well-studied slide provides a good analog for larger, deeper water failures such as the Sur slide that are difficult to map with high-resolution systems because of both their depth and size (Normark and Gutmacher, 1988 Marine Geology, v. 96, This work is included because the failure described is similar in scale (55 km wide and about 1500 km3 of material removed) to the Hawaiian Ridge debris avalanches; in addition, the slope gradient is closer to that of the Hawaiian volcanoes than the better known continental margin failures. The GLORIA sidescan images show that the headwall scarp area is cut by numerous submarine canyons, as also has been observed off Hawaii (Moore et al., 1989) .
Normark
Schwab, W.C., Lee, H.J., Kayen, R.E., Quinterno, P.J., and Tate, G.B., 1988, Erosion and slope instability on Horizon Guyot, Mid-Pacific Mountains: Geo-Marine Letters, v. 8, This study of the sediment cap on top of Horizon Guyot at a water depth of 1600 m show that mass wasting could occur if overconsoiidation of the sediment results from current reworking and local current erosion. This study has relevance to the slopes off Hawaii where similar sediment is accumulating, e. g., southwest of Oahu in the area of sediment movement during the passage of Hurricane Iwa (Dengler et al. I984a,b; Winters and Lee, 1982) .
Stoopes, G.R., and Sheridan, M.F., 1992, Giant debris avalanches from the Colima Volcanic Complex, Mexico: implications for long-runout landslides (>100 km) and hazard assessment: Geology, v. 20, . This paper is included because it describes subaerial, volcanic debris avalanches, one of which is second in size only to Mount Shasta (Crandell et al., 1984) , that exhibit very long-distance runout. The larger Hawaiian debris avalanches have run-out lengths as much as double the 120 km described here, but the method of analysis for both types of volcano failures are similar (Lipman et al., 1988; Moore et al., 1992) . This paper can be useful for understanding the processes involved. This major review article is for subaerial mass movements, but it provides a good introduction to the recommended usage of many terms, many of which has been adopted and/or modified for submarine deposits. The paper also reviews the processes involved and provides an extensive reference list. This work, together with the review of submarine slides by Moore (1977) , is a good starting point for evaluating the importance and widespread occurrence of submarine slides in the Hawaiian area that have been documented during the last ten years. , v. 74, no. 13, p.145,156-157 . These two papers define the characters of a "tsunami earthquake," which generates a very large tsunami relative to the size of the earthquake magnitude. A 1992 earthquake off Nicaragua generated tsunami runup of nearly 10 m (see second paper) and is the basis for these analyses. The authors relate the generation of a larger than expected tsunami to subduction along a non-accreting type of margin. This has application to Hawaii because Young, R.W., and Bryant, E.A., 1992, Catastrophic wave erosion on the southeastern coast of Australia: Impact of the Lanai tsunami ca. 105 ka?: Geology, v. 20, . Jones, A.T., 1992, Comment on "Catastrophic wave erosion on the southeastern coast of Australia:
Impact of the Lanai tsunamis ca. 105 ka?": Geology, p.1150-1151. Young, R.W., and Bryant, E.A., 1992, Reply on "Catastrophic wave erosion on the southeastern coast of Australia: Impact of the Lanai tsunami ca. 105 ka?": Geology, v. 20, p.1151. The initial paper by Young and Bryant (1992, p. 199) suggest that the tsunami that produced a 325-m-high wave recorded on Lanai, Hawaii Moore, 1984, 1988) resulted in destruction of sand barriers along the southeastern Australian coast. The timing of the wave deposits on Lanai (105 ka) are allowable for the erosion suggested for the Australian coast some 7000 km from Hawaii. The discussion by Jones (1992) and reply by the authors (1992, p. 1151) revolve around the model used for tsunami propagation; Young and Bryant prefer the model by Harbitz (1992) that is included in this section.
SUPPLEMENTARY DATA FOR MARINE GEOLOGY OF HAWAIIAN AREA
The references in this section are for background information on the geology of the Hawaiian Ridge to aid in the understanding the more topical subjects discussed in previous sections, in addition, several atlas compilations of marine geologic data are also included. Program to look at the area of steepest and deepest submarine slopes along the proposed route of a power cable between the islands of Hawaii and Oahu. The slope north of Kohala between 900 and 1900 m water depth averages 27° and is the steepest major gradient examined. The report includes a detailed description of the bottom-roughness sampler (a deeptow package with a 500 kHz echosounder capable of 2 cm resolution within a 4° beam angle, a pressure sensor able to measure water depth with 15 cm resolution, and an acoustic-positioning transponder) and the survey techniques. The report also includes an analysis of the implications for cable-laying activities based on the gradients and local roughness features that were observed. 
